Rat progenitor cells from the germinal region of the fetal mesencephalon were isolated and expanded in media containing the mitogen epidermal growth factor. These cells remained mitotically active (up to 8 months), were immunoreactive for the progenitor cell marker nestin, and were readily infected with the BAG␣ retrovirus. When incubated in complete media containing serum in poly-L-lysine-coated plates, these cells spontaneously converted to neurons and glia but rarely expressed the dopamine (DA) neuron phenotype. Nineteen different cytokines were screened for their ability to induce the DA phenotype and only interleukin (IL)-1 was found to induce the expression of the DA neuron marker tyrosine hydroxylase (TH). The addition of IL-1, IL-11, leukemia inhibitory factor (LIF), and glial cell line-derived neurotrophic factor (GDNF) were found to further increase the number of TH immunoreactive (TH-ir) cells. The addition of mesencephalic membrane fragments and striatal cultureconditioned media along with the cytokine mixture induced the expression of morphologically mature TH-ir cells that were also immunoreactive for dopadecarboxylase, the DA transporter, and DA itself. The DA neuron cell counts were approximately 20-25% of the overall cell population and 50% of the neurofilament population. Astrocytes and oligodendrocytes were also present. These data suggest that hematopoietic cytokines participate in the development of the DA neuron phenotype. Parallels between the function of hematopoietic cytokines in bone marrow and the central nervous system may exist and be useful in understanding the factors which regulate the differentiation of neurons in the brain. 1998 Academic Press
INTRODUCTION
Progenitor cells are functionally immature, pluripotent, self-renewing cells which, in contrast to the stem cells from which they are derived, are lineage restricted (2, 43, 56, 64) . It was previously assumed that in the mammalian central nervous system (CNS) progenitor cells were present only during development and that when neurons became terminally differentiated, the adult brain lost its ability to regenerate. However, several investigators have now demonstrated that progenitor cells are found throughout the fetal and adult neuraxis including the hypothalamus, the subventricular zone, the olfactory bulb, and the dentate gyrus of the hippocampus (8, 11, 16, 33, 37, 38, 40, 41, 49) . Their function and potential for neuronal repair in the adult CNS is currently unknown. Progenitor cells from both the adult and the fetal subependymal region of the striatum have been successfully isolated and expanded in naked plastic culture dishes using the mitogen epidermal growth factor (EGF). When grown on coated plastic in standard culture media, these cells spontaneously differentiate into both neurons and glia (58) (59) (60) . Intrinsic genetic programs driving cell lineage as well as extrinsic environmental factors including soluble and membrane bound factors are thought to be responsible for determining which phenotype (neuron or glia), and the relative percentage of each arise from neuronal progenitor cells (23, 24, 26, 28, 43, 61, 70) . If the factor(s) responsible for controlling the differentiation of these cells could be identified, it might be possible to regulate their differentiation so that cell lines enriched in a particular phenotype could be produced for laboratory study or used as a source of donor tissue for neural transplantation. Infusion of these factors into the brain might also be useful in differentiating adult progenitor cells to replace cells lost to neurodegenerative disease.
Several groups have successfully isolated progenitor cells from the germinal zone of the mesencephalic flexure in embryonic rats where dopamine (DA) neurons are formed during normal development (54, 62, 63, 67) . However, these cells rarely convert to the DA neuron phenotype, suggesting that environmental factors are needed to complete the differentiation process. We previously reported that mesencephalic progenitor cells could convert to cells immunoreactive for the DA neuron marker tyrosine hydroxylase (TH) if they were cocultured with freshly harvested embryonic (E) day 15 mesencephalon (54) . This conversion only occurred when the progenitor cells were in direct physical contact with the mesencephalic cells, suggesting the involvement of a membrane-bound factor in the conversion process. This conversion was not reliable, however, such that intense clusters of TH immunoreactive (THir) cells were only occasionally seen. The addition of known growth factors for DA neurons such as brainderived neurotrophic factors (BDNF) or basic fibroblast growth factor (bFGF) were not able to influence the reliability of this conversion process, suggesting that other factors are involved with the differentiation process.
Hematopoietic cytokines are a large group of proteins normally found in blood that are involved with clonal expansion and lineage restriction of stem and progenitor cells within the hematopoietic system (39, 44, 47) . Many of these cytokines including erythropoietin (EPO), colony stimulating factor (CSF), and several members of the interleukin (IL) family are found within the brain and have been shown to influence the development of neurons (44) . Recently, the cytokine bone morphogenetic protein (BMP) was shown to promote astrocytic differentiation from EGF-expanded progenitor cells (18) . Similarly, a member of the transforming growth factor family, ciliary neurotrophic factor (CNTF), was shown to induce astrocytic differentiation from O2-A progenitors (35) . We wondered whether cytokines might also be involved in the differentiation of neurons in the CNS and therefore set out to screen them for their ability to convert mesencephalic progenitor cells to DA neurons.
METHODS AND MATERIALS
Progenitor cell culture preparation. Fetal mesencephalic cells (E14.5) were isolated from rat embryo's as described previously (54, 67) . The mesencephalon including the tissue immediately inferior to the neural tube was microdissected from fetal rats under sterile conditions, incubated in 0.1% trypsin for 30 min, incubated in DNase (40 µg/ml) for 10 min at 37°C, and gently triturated into a cell suspension using a firepolished pipette. After assessment in a hemacytometer, the cells were plated onto 25-cm 2 flasks (400,000 trypan blue excluding cells/ml) in 5 ml of expansion media [F12/DMEM 1:3; 100 units penicillin/100µg streptomycin (P/S)/ml; 2 ml B27 (1:50; Gibco) per 100 ml media with 20 ng/ml EGF]. The cells were left undisturbed in a humidified incubator (37°C; 5% CO 2 ) for 1 week. The yield from this procedure was approximately 50-100 ''proliferation spheres'' per cm 2 . These cells have been passaged up to 8 months by gently triturating the spheres and replating the cells under the same conditions (54) . Alternatively, the progenitor cells were gently triturated and subsequently plated onto poly-Llysine-coated Costar 48 well plates at a density of 10,000 trypan blue excluding cells/cm 2 in 0.5 ml of the complete media [CM: DMEM/F12 (1:1), 10% fetal calf serum (FCS), and P/S].
BAG␣ retroviral infection. Following several passages, proliferative spheres were triturated and after 2 days, infected by incubating the cells with the supernatant from the carrier cell line BAG␣ (ATTC) for 3 h as described previously (9, 47) . The supernatant was diluted 1:4 with progenitor cell expansion media and the cells were allowed to divide for 3 days. For X-gal detection of BAG␣ retroviral infection, the cultures were fixed in 0.05% glutaraldehyde/PBS for 12 min, rinsed 3ϫ in PBS, and incubated in X-gal solution [15 mM K ϩ -Ferricyanide, 15 mM K ϩ -Ferrocyanide, 1.5 mM MgCl 2 , 1 mg/ml 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal)/PBS] overnight, then rinsed 2ϫ in PBS. BAG␣ retroviral infection was indicated by G418 resistance and X-gal staining of cells expressing the lac-Z gene product.
Mesencephalic culture preparation and membrane fragments. Precisely timed, gravid, Sprague-Dawley rats (E14.5; Zivic Miller) were anesthetized with 60 mg/kg pentobarbital. The embryos were removed and placed into a sterile petri dish containing Dulbecco's phosphate-buffered saline with glucose (DPBS; Sigma, St. Louis, MO). The embryonic brains were removed and the rostral mesencephalic tegmentum (RMT) was dissected out as described previously (79) . The tissue was treated with trypsin (30 min at 23°C) followed by DNase (8-10 min, 37°C), then triturated in 1 ml defined media using a sialinized pasture pipette. The number of viable cells was determined using the trypan blue exclusion method. Cells were then plated out (Falcon 96-well plates) at 125,000 cells/cm 2 in complete media. The cultures were incubated at 37°C with 95% air/5% CO 2 for 72 h. Mesencephalic membrane fragments were prepared by plating RMT cultures at 250,000 cells/cm 2 . After 3 days, the complete media was removed and the cultures were washed in Hank's balanced salt solution (HBSS). The cultures with 500 µl of complete media were then placed in a Ϫ80°C freezer for 1 h and thawed at room temperature three successive times. Using a Pasteur pipette, the 500-µl volume in each well was drawn in and expelled from the pipette several times to place the membrane fragments in suspension. The membrane fragments were then collected in complete media and the fragments from one primary culture were added to four progenitor cultures (25% v/v).
Striatal cultures and conditioned media. Striatal cultures were generated using essentially the same procedure as that described above for RMT except that the lateral ganglionic eminence was dissected from the E14.5 embryos, plated at 250,000 cells/cm 2 , and grown in complete media. For coculture experiments, the cells had been plated out for at least 72 h prior to the addition of progenitor cells. The striatal-conditioned media was collected after 72 h from striatal cultures growing in defined media.
Production of phytohemagglutinin (PHA) conditioned media. Mononuclear cells were isolated from rat peripheral blood using Histopaque (Sigma) centrifugation. Mononuclear cells were cultured in the media with or without 1% PHA (Gibco) for 6 days at a density of 1 million cells/ml. PHA stimulates the release and production of mononuclear cytokines (7) . Cells and cellular debris were removed by centrifugation and the supernatant was stored at Ϫ80°C. The PHA-and non-PHA-stimulated media was subsequently added (20%) to freshly harvested RMT cultures (250,000 cells/cm 2 ) growing in defined media. After 7 days the cultures were fixed and stained for TH.
Immunocytochemistry. The progenitor and mesencephalic cultures were studied using immunocytochemical techniques described previously (54, 79) . In all studies the cultures were fixed for 30 min with 3.7% formalin and immunocytochemistry was performed. The cultures were blocked for 60 min with a solution of 0.2% Triton X-100 and 3% horse serum and then incubated with a primary antibody overnight at 4°C. Sequential 60-min incubations with biotinylated antimouse secondary antibody (0.5%) and avidin-biotin complex (ABC; Vector Laboratories) were performed. The immunoreactivity was developed with approximately 1 min incubation using 3-3Ј diaminobenzidine (DAB: 0.05%) and nickel sulfate (2.5%). The antibodies used were: monoclonal tyrosine hydroxylase primary antibody (1:5000; Incstar), monoclonal DA antibody (1:100; Fitzgerald), a monoclonal antibody to the DA transporter (DAT; 1:2000; Chemicon), and a polyclonal antibody to dopa-decarboxylase (DDC; 1:500; Chemicon). The procedures were the same as that for TH except that Triton X-100 was not used for DAT staining, and normal goat serum (NGS, 3%) was used as the blocker for DDC staining.
For nestin staining, cells were washed 3ϫ in phosphate-buffered saline (PBS), blocked with 3% normal horse serum (NHS)/0.25% Triton X-100/PBS for 1 h, and incubated in a monoclonal anti-nestin antibody (1:200; Chemicon) overnight at 4°C. Since the progenitor cells were maintained in naked-plastic dishes where attachment did not occur, the clusters had to be transferred to an environment compatible with immunocytochemistry while at the same time able to reveal progenitor cell characteristics. Through a series of pilot studies it was observed that if the clusters were transferred to a poly-L-lysine-coated plate in complete media for only 3 h, that most of the cells had not converted to a committed cell type and thereby retained their progenitor status. Staining methods for the monoclonal neurofilament antibody (SMI 311; 1:1000; Sternberger Monoclonals, Inc.), the monoclonal glial fibrillary acidic protein antibody (1:1000; Sternberger Monoclonals, Inc.), and monoclonal antibody for galactocerebrosidase (mouse ascites, 1:50; Sternberger Monoclonals, Inc.) were similar to that described for TH immunocytochemistry. In all studies, primary delete staining (procedure exactly the same but the addition of the primary antibody under study was not added) was performed on each culture.
Cytokines studied. All of the cytokines were initially studied at a concentration 5 times the ED 50 value (see Table 1 ) recommended for typical hematopoiesis use by the manufacturer. The cytokines were incubated with the RMT cultures for 10 days and with the progenitor cultures for 7 days. The following cytokines were studied in RMT cultures: IL-1␣ and ␤, IL-2, 3, 4, 6, 9, 11, interferon gamma (INF␥), transforming growth factor-beta (TGF-␤), colony stimulating factor (CSF), leukemia inhibitory factor (LIF), tumor necrosis factor alpha (TNF␣), stem cell factor (SCF), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and erythropoieten (EPO). The same cytokines along with glial cell line-derived neurotrophic factor (GDNF; 1 µg/ml; Amgen) and brain-derived neurotrophic factor (BDNF; 1 µg/ml; Amgen) were studied in the progenitor cells. All the cytokines were dissolved in HBSS and added to the cultures.
Cell count assessment and statistical treatment. The number of immunoreactive cells was used as an index of cell survival or differentiation in all cases. An investigator blinded to treatment history counted the number of immunoreactive figures in a swath (28% of surface area) down the center of each well using a Leitz Fluovert (Germany) reverse-phase microscope (100ϫ). ANOVA was performed on the immunocytochemical cell counts using SPSS software (version 6.1) where appropriate. All experiments were replicated at least once using a separate embryonic tissue harvest or new group of progenitor cells. Since each level of independent variable was performed in two duplicate wells per experiment and each experiment was replicated at least once, the minimum cell size was 4. For statistical analysis, the results from the two replicate experiments were analyzed together.
RESULTS

Progenitor cell proliferation.
The progenitor cells divided rapidly in the expansion media forming small proliferating spheres after 14 days (Fig. 1A) . Thereaf-ter, the spheres increased in size steadily and the cultures required passaging every 3 or 4 days during the first 2 months. For the next several months, passage was required every week. We have successfully passaged the progenitor cells for up to 8 months although the passage rate appeared to be slowing to once every 2 weeks in the later months. While proliferating, the cells were immunoreactive for nestin, an intermediate filament found only in progenitor cells and reactive glia (17; Fig. 1B ). During the proliferating phase, the cells were successfully infected with the BAG␣ retrovirus. After lineage selection using G418 screening, reporter gene lacZ was observed in all progeny subsequent to infection (Fig. 1C) .
Effects of cytokines in RMT cultures. Prior to evaluating the cytokines in the progenitor cultures, we first ascertained whether they increased the survival of TH-ir cells in RMT cultures. The addition of PHAconditioned media significantly increased the number of TH-ir cells after 7 days in culture relative to non-PHAconditioned media (F (3, 15) ϭ 76.185; P Ͻ 0.001; Fig. 2 ). Since a cytokine-enriched mixture increased the number of TH-ir cells, we next evaluated the effects of individual cytokines on TH-ir cell survival (Fig. 3) . IL-1␣, IL-1␤, IL-11, and LIF were all shown to significantly increase TH-ir survival after 10 days while TNF␣ and INF␥ decreased the cell counts (F (15, 39) ϭ 39.85; P Ͻ 0.001).
Effects of cytokines in progenitor cell cultures. Since TH-ir cells were shown to be responsive to certain cytokines, we next tested their ability to induce the DA neuron phenotype in progenitor cell cultures. Of the 18 cytokines tested, only IL-1␣ and ␤ induced the TH-ir phenotype (Table 1 ; we saw little difference between ␣ and ␤ and chose to study IL-1␣ in the remainder of the studies). Although a large number of cells were TH-ir, the cells were not neuron-like in that very few processes were observed and the cell bodies were mostly rounded (Fig. 4A) . It is possible that the concentration of IL-1 used was adequate to induce TH expression but not morphological development, so the progenitors Many cells in the proliferative spheres were observed to maintain their progenitor status (i.e., immunoreactive for the progenitor marker nestin (B) magnification bar, 10 µm) 2 h after being transferred into complete media on a poly-L-lysine-coated plate. After infection with the BAG␣ retrovirus and selection in G418, all surviving cells from the proliferating spheres were shown to express the LacZ reporter (C, magnification bar, 10 µm).
were incubated with various concentrations of IL-1 for 7 days. However, cultures incubated with lower and higher concentrations of IL-1 exhibited fewer TH-ir cells (Fig. 5) . Since our previous studies suggested that cell-to-cell contact was needed to convert the progenitor cells, we repeated the dose-response curve using progenitor/striatal cocultures. Although the overall number of TH-ir cells was increased using this strategy, the shape of the dose-response curve was not and the cells themselves were similar to those seen in monocultures incubated with IL-1.
Since other cytokines were shown to influence TH-ir survival when RMT cultures were studied, and striatal coculture increased the yield of converted cells, we next evaluated the addition of the various cytokines along with IL-1 in progenitor/striatal cocultures. When paired with IL-1, IL-11, LIF, and GDNF were all shown to enhance the morphological development of the TH-ir cells as well as the number of TH-ir cells. Thus, in cocultures incubated with IL-1 and other cytokines, there were more TH-ir cells, many of which had small processes indicative of an immature neuronal phenotype (Fig. 4B) . When all three of these cytokines were incubated with the progenitor/striatal cocultures along with IL-1, even greater morphological development was observed (Fig. 4C) . Interestingly, even though BDNF is a known trophic factor for DA neurons (65), it did not influence progenitor conversion or morphological development in this study.
Effects of striatal-conditioned media and mesencephalic membrane fragments. Since one of the goals of developing a progenitor cell line is to use them for neurotransplantation, we next attempted to induce progenitor cell conversion using a more simple monoculture strategy. The striatal feeder cultures were replaced by mesencephalic membrane fragments and striatal-conditioned media and the mixture of the four active cytokines were added to the progenitor cultures. This strategy did not increase the overall yield of TH-ir cells but the morphological development of many of the 
Note. Effects of cytokines on the conversion of progenitor cells to cells immunoreactive for TH. IL-1 (100 pg/ml; both ␣ and ␤ were studied and were found to produce the same effect); IL-2 (2 ng/ml); IL-3 (1 ng/ml); IL-4 (5 ng); IL-6 (200 pg/ml); IL-9 (100 pg/ml); IL-11 (1 ng/ml); INF␥, interferon gamma (100 ng/ml); TGF-␤, transforming growth factor-beta (1 ng/ml); CSF, colony stimulating factor (1 ng/ml); LIF, leukemia inhibitory factor (1 ng/ml); TNF␣, tumor necrosis factor alpha (200 pg/ml); SCF, stem cell factor (40 ng/ml); EGF, epidermal growth factor (100 ng/ml); bFGF, basic fibroblast growth factor (100 ng/ml); EPO, erythropoieten (0.5 U); GDNF, glial cell line-derived neurotrophic factor (1 µg/ml); BDNF, brain-derived neurotrophic factor (1 µg/ml); When media alone was added, no cells were converted. ϩ, cells positive for the dopamine neuron marker TH are present. ϪϪϪ, no TH immunoreactivity. TH-ir cells was similar to that normally seen in RMT cultures (Fig. 4D) . The cells had large irregularly shaped soma and multiple branching processes with varicosities. Since two of the cytokines in the mixture, IL-11 and LIF, activate the same signal transduction pathway through the gp130 receptor (21, 25, 78) , it was possible that the greater conversion observed in this study was a consequence of the increased stimulation of this receptor resulting from two different gp130 agonists. Dose-response studies of IL-11 or LIF were subsequently performed using a fixed concentration of IL-1 (100 pg/ml media). Increasing concentrations of IL-11 did not influence conversion of the progenitors to TH-ir cells, whereas the addition of LIF did (Fig. 6) . As was true when various concentrations of IL-1 were studied alone, a higher concentration of LIF (5 ng/ml media) reduced the TH-ir cell counts relative to that seen when 1 ng/ml media was studied.
DA neuron phenotypic markers. TH immunoreactivity is not a completely reliable marker for DA neurons since noradrenergic and other catecholamine containing cells also produce TH. We therefore examined the cytokine-converted progenitor cell cultures for immunoreactivity to several other DA neuron phenotypic markers and the nonspecific neuron marker neurofilament (NF). In progenitor cultures that had been passaged weekly for 3 months and then exposed to the cytokines, mesencephalic membrane fragments and striatal culture-conditioned media, approximately 50% of the progenitors converted to cells that were NF-ir (Figs. 9A  and 8 ). The number of TH-ir cells in sister cultures from the same plate was approximately 50% of the NF-ir cell counts (Figs. 7A and 8) . A similar percentage of cells were immunoreactive for the second enzyme in the DA biosynthetic pathway dopa-decarboxylase (DDC; Fig.  7B ), DA itself (Fig. 7C) , and the DA transporter (DAT; Fig. 7D ). Sister cultures examined for immunoreactivity to all of these markers in the absence of the primary antibody (primary delete) were all immunonegative (data not shown). Moreover, when the cultures were Table 1 produced cells with larger cell bodies many of which had multiple processes (C, same magnification as A). When IL-1, IL-11, LIF, and GDNF were incubated with progenitor monocultures in the presence of striatal-conditioned media and mesencephalic membrane fragments, well developed, mature-looking TH-ir cells typical of dopamine neurons in primary mesencephalic cultures were observed (D, same magnification as A). The processes present also possessed varicosities (arrows).
assessed for the presence of the noradrenergic neuron marker DA-␤-hydroxylase, all the cultures were immunonegative (data not shown).
Other cells in the converted progenitor cell cultures. Progenitor cells, by definition, should differentiate into at least two different cell types (43, 56) so we examined the cultures for immunohistochemical markers for glia. The progenitor cells incubated in the cytokine-enriched media were immunoreactive for the astrocyte marker glial fibrillary acidic protein (GFAP; Fig. 9A ) as well as the olidodendrocyte marker galactocerebrosidease-C (Gal-C; Fig. 9B ).
DISCUSSION
The results from the present study strongly support a role for the hematopoietic cytokines in growth and 
FIG. 8.
The effects of IL-1, IL-11, LIF, GDNF, striatal conditioned media, and mesencephalic membrane fragments and the number of TH-ir, DDC-ir, DA-ir, and NF-ir cells in random fields (n ϭ 2 fields/ culture; total number of fields was 4) of sister cultures. differentiation of DA neurons. Various cytokines including IL-1, IL-11, and LIF were shown to enhance the number of TH-ir cells in mesencephalic cultures. Moreover, IL-1 was shown to induce the expression of TH in the progenitor cells while the addition of IL-11, LIF, and GDNF were shown to further increase TH-ir cell counts and enhance process extension and morphological development of the TH-ir cells as well. When mesencephalic membrane fragments and media conditioned by exposure to striatal cultures were also added to the cultures, morphologically mature DA neurons that possessed varicosities and were immunoreactive to other phenotypic markers for the DA neuron were also observed. The number of TH-ir cells was approximately 50% of the NF-ir cell counts in sister cultures and approximately 25% of the overall cell population. These numbers are much higher than those in typical primary mesencephalic cultures where only 0.5-5% of the cells are normally TH-ir (6) .
Phytohemaglutinin (PHA) is a lymphocyte activator that induces the production and release of a number of cytokines from lymphocytes (7) . Media from rat peripheral mononuclear cells containing lymphocytes incubated with PHA for 6 days increased the number of TH-ir cells in mesencephalic cultures. Since a number of different cytokines are likely present in this media, the increase in TH-ir cell counts observed could have been a consequence of both neurotrophic and neuroinhibitory effects. Although the type and amount of each cytokine present in the PHA-conditioned media remains unknown, evaluation of the individual cytokines in the RMT cultures supported this claim. Thus, IL-1, IL-11, and LIF were all shown to increase the number of TH-ir cells/well relative to control cultures, whereas TNF␣ and INF␥ actually decreased the cell counts.
The involvement of cytokines in neuronal development and maturation in general and in mesencephalic cells in particular is just beginning to be explored. Several hematopoietic cytokines are present in brain parenchyma and many have been shown to influence neuronal maturation and development (23, 24, 26, 28, 43, 70) . Several investigators have demonstrated that IL-1 is trophic to DA and other catecholaminergic neurons in vitro as well as in vivo (1, 50, 74, 80) and IL-1 has been detected in adult brain (3, 15, 29, 30, 34, 48) . Similarly, IL-11 (13) and LIF (32, 55, 77) have also been found in brain and shown to influence neuronal function. Thus, it is not surprising that these cytokines increased DA neuron survival in RMT cultures although von Coelln et al. (73) failed to demonstrate a trophic effect of these cytokines in RMT cultures. In contrast, TNF␣ receptors have been found in the substantia nigra of patients with Parkinson's disease and have been hypothesized to play a role in DA cell death (4), although little is known about the function of INF␥ in DA neuron survival. What was surprising, however, was the fact that the cytokines, and in particular IL-1, induced the expression of TH in the progenitor cells.
Several groups have demonstrated the ability to isolate and successfully passage progenitor cells from the brain. Progenitor cells capable of differentiating into neurons and glia have also been isolated from the developing mesencephalon (54, 66, 72) . However, as was true in the present study and our previous experience with mesencephalic progenitor cells, although these progenitor cells differentiate into neurons, very few, if any TH-ir cells are seen (66). Mayer et al. (42) and especially Bouvier and Mytilineou (5) were able to expand the progenitor cell population in E12.5 primary mesencephalic cultures, delay TH-ir expression, and thereby increase the TH-ir cell count yield by exposing the cultures to the mitogen bFGF. However, primary cultures and not passaged progenitor cells were used as the tissue source. Thus, the conversion of a high percentage of progenitor cells to TH-ir cells in the present study represents the first successful ''controlled'' differentiation of DA neurons in vitro.
The TH-ir cells that were observed in progenitor cultures exposed to IL-1 were not, however, typical of the mature DA neuron phenotype. They were round and possessed few if any processes. The incubation concentration of IL-1 was varied in an effort to enhance the maturation of the TH-ir cells. However, higher concentrations actually decreased the TH-ir cell counts and did not influence morphology. Based on our previous study where direct cell contact was required to induce differentiation (54) and the work of Hynes (23, 24) and her collaborators who similarly demonstrated the need for cell-cell contact, the progenitors were cocultured with E14.5 lateral ganglionic eminence and exposed to various concentrations of IL-1. Although this strategy dramatically increased the number of TH-ir cells, the shape of the dose-response curve and the morphology of the TH-ir cells observed were not affected. In fact, higher concentrations of IL-1 actually reduced the TH-ir cell counts. These results might be explained by the fact that at high concentrations IL-1 is known to increase the expression of its membranebound receptor inducing receptor release to form soluble ''decoy'' receptors that can bind IL-1 and actually reduce its effectiveness (10, 57) . Thus, at higher concentrations the action of IL-1 becomes reduced by the release of decoy receptors. However, this series of experiments did reveal the importance of providing cell-cell contact to increase TH-ir yield perhaps reflecting the ability of a currently unknown extracellular matrix protein to facilitate the action of IL-1. Alternatively, since IL-1 is known to induce the production of trophic factors in glial cells, it is possible that other factors released from the striatal cells acted with IL-1 to enhance the number of cells expressing TH. Based on these results, we next examined the ability of other cytokines to further enhance the number and morphological development of the TH-ir cells.
Among the 17 other cytokines paired with IL-1, only IL-11, LIF, and GDNF increased THir cell counts further. Moreover, the addition of these other cytokines also increased the morphological development of the TH-ir cells such that the somas were irregularly shaped and small processes could be seen on many of the cells. Since neither IL-11 nor LIF were effective in the absence of IL-1, it is possible that IL-1 induced the expression of the gp130 receptor through which both IL-11 and LIF act. Interestingly, Watanabe and colleagues (75) recently reported the presence of gp130 immunoreactivity in the subependymal region of the brain from which progenitor cells are isolated. Alternatively, it is possible that both gp130 and IL-1 receptor activation are needed for neuronal process development. The addition of GDNF, a known trophic factor for DA neurons (36) , with IL-1 similarly increased the number of TH-ir cells and induced morphological development. GDNF activates tyrosine kinase through the Ret receptor, implicating this signal transduction cascade in the extension of neuronal processes as well (14, 27, 71) . The question of whether gp130 and tyrosine kinase-initiated cascades share common inducing mechanisms with respect to process extension is currently unknown.
We next incubated the progenitor cells with IL-1, IL-11, LIF, and GDNF simultaneously and observed an even greater increase in THir cell counts. Furthermore the cell morphology more closely approximated mature DA neurons. The more mature morphology observed in neurons exposed to both IL-11 and LIF could be attributed to the greater degree of receptor stimulation resulting from the simultaneous actions of two gp130 agonists. This hypothesis was tested by adding various concentrations of IL-11 and LIF to progenitor cultures incubated with a fixed concentration of IL-1. Interestingly, LIF increased the TH-ir cell counts, whereas IL-11 was without effect. Again, the LIF dose-response curve observed was an inverted U shape implicating an optimal concentration range between 100 pg and 1 ng/ml media. These results are difficult to reconcile with the currently known agonist actions of IL-11 and LIF at the gp130 receptor and more detailed study of this interaction on progenitor cell differentiation is required. Interestingly, BDNF, which enhances the survival and maturation of DA neurons in primary cultures and increases the survival and promotes differentiation of progenitor cells isolated from the striatal subventricular zone into neurons (17) , was also evaluated in combination with IL-1, IL-11, and LIF but was without effect. This suggests that a certain degree of lineage restriction has already occurred in the progenitor cells and is consistent with recent data, indicating that cells along the rostral-caudal axis of the neural tube have already been partially determined by environmental signals (24) .
To better analyze the components inducing differentiation of DA neurons in vitro, we replaced the striatal feeder cell cultures with flash-frozen pulverized mesencephalic cell fragments and striatal culture-conditioned media. These conditions induced differentiation of the progenitors into numerous THir cells with large irregularly shaped cell bodies from which long processes with varicosities were observed. It could be that the membrane fragments provided extracellular matrix proteins necessary for initial process growth while unknown trophic factors from striatal cells (which are known targets of DA neurons that stimulate their maturation (7, 12, 20, 22) ), enhanced axonal elongation. This apparent necessity for a combination of factors in the terminal differentiation of progenitor cells is a feature shared by the hematopoietic system (52) . It is also possible that differentiation of the DA neuron is a sequential phenomenon and that providing an incubation mixture containing several different signals satisfies this requirement. Memberg and Hall (46) have recently demonstrated such a phenomenon in dorsal root ganglion cultures where neurotrophins and LIF were shown to be effective during critical periods of neuron development.
It is possible that through this preliminary series of studies the various cytokines and other factors present in the cultures were inducing the expression of TH only. The TH gene has been successfully transfected into a variety of cell types but its presence does not necessarily imply that the cells are functionally dopaminergic. However, cells incubated with the cytokine mixture, mesencephalic membrane fragments, and striatal culture conditioned media were also shown to be immunoreactive for dopa-decarboxylase, the second enzyme in DA's biosynthetic pathway, the high affinity DA transporter, as well as for DA itself. Moreover, the cultures did not contain DA-␤-hydroxylase, the enzyme that converts DA to norepinephrine. Since this enzyme is a characteristic marker for noradrenergic cells and the converted progenitors exhibited four different neuronal markers indicative of the DA neuron phenotype, it is likely that the cells were dopaminergic. However, the existence of phenotypic markers does not necessarily imply that the converted cells were functionally dopaminergic and further study is needed to address this important issue.
Of all the cells present in the cytokine-converted progenitor cultures, dopaminergic neurons accounted for approximately 20-25%. This was based on a crude, visual estimate since it was difficult to count all the cells within the culture plates due to confluence with overlapping cells in many cases. Contributing to the difficulty in estimating the actual percentage of dopaminergic cells in culture was the fact that even though 10,000 trypan blue excluding cells/cm 2 were initially added to the culture wells with differentiation media, it was obvious in many instances that more than 100,000 cells were present when the cells were fixed. We attributed this to continued mitotic activity for a short period of time following plating due to residual effects of EGF from the expansion media. In order to gain a reasonable quantitative determination of the conversion efficiency of cytokine-enriched differentiation media, the number of TH-ir and NF-ir cells were counted in sister cultures on the same culture plate. The number of TH-ir cells was one half that of the number of NF-ir cells in the sister cultures. It is important to note, however, that double immunostains were not performed and that some or all of the TH-ir cells may not be NF-ir. Regardless, the percentage of TH-ir cells is significantly higher than that normally seen in primary mesencephalic cultures where 0.5 to 5.0% of the total cells are TH-ir (6) while the remainder of the neuronal population is gabaminergic (69) .
In order for the expanded cells to be considered progenitors, they must be lineage restricted, differentiate into at least two different cell types, and be selfrenewing (43, 56) . In the present study, cells incubated with the cytokine-enriched differentiation media were shown to be immunoreactive for several cell types including neurons (NF-ir), the astrocyte marker GFAP, as well as the oligodendrocyte marker Gal-C which is consistent with a progenitor cell's multilineage potential. Whether or not microglia were present in the cultures was not evaluated. The isolated cells were also immunoreactive for nestin, an intermediate filament found in progenitor cells. Although this protein can also be found in reactive glia (17) , this immunoreactivity is often used as a marker for progenitor cells (59) . The virtual complete infection of the cells by the BAG␣ retrovirus following selection of the cells for G418 resistance suggests that the cells were actively proliferating and self-renewing since this retrovirus is only incorporated into the genome of cells undergoing mitosis (9) . However, even though the cells continued to express the LacZ gene across several divisions, it cannot be ruled out that the virus simply infected the progenitors and was replicating in the cytoplasm and had not been incorporated into the cells genome. That the cells were self-renewing was therefore only suggested by this data. We did observe that the cells could be maintained up to 8 months and in the experiments reported here, that cytokine responsiveness was similar after 2 weeks or 3 months, suggesting self-renewal. Although these data are consistent with criteria required for classification as a progenitor cell, it did appear that the rate of self-renewal was slowing down with time. Examination of the life expectancy of other neuronal progenitor cells (68) and O2-A progenitor cells (51) suggests variable and limited self-renewal which, as Weissman discusses (76), may reflect the internal cellular clock first described by Hayflick (19) . Thus, although detailed studies of the self-renewing capacity of these cells as well as their potential lineage restriction needs to be clearly established before they can be accurately classified as progenitor cells, since they contained nestin, formed at least two different cell types, were mitotic, and apparently self-renewing, they appear to qualify as potential progenitor cells.
The results from this initial series of experiments indicates the involvement of hematopoietic cytokines in the terminal differentiation of mesencephalic progenitor cells into the DA neuron phenotype. The involvement of cytokines in the differentiation of neurons is not unique as IL-3, IL-4, and granulocyte/macrophage colony stimulating factor have been shown to enhance the expression of NF immunoreactive cells from hippo-campal progenitors (44) . TGF␤-associated factors and the osteogenic protein BMP7 have also been shown to regulate the expression of extracellular matrix proteins necessary for process extension (31, 45, 53) . The involvement of these cytokines in progenitor cell differentiation along with those identified here may reflect the involvement of a specific set of cytokines in the terminal differentiation of specific sets of neuronal phenotypes. However, it is important to recognize that although specific cytokines have been identified as playing a role in DA neuron differentiation from progenitor cells, several additional unknown factors present in the mesencephalic membrane fragments, FCS, and striatalconditioned media are participatory as well. Thus, at this time, it can only be stated that certain cytokines participate in the differentiation of the DA neuron phenotype. By examining the roles of cytokines in the growth and differentiation of neuronal phenotypes and exploring parallels between their functions in the hematopoietic system and neuronal differentiation, we may be able to gain much needed insight into the factors responsible for regulating the expression of specific neuronal cell types within the CNS. Moreover, if progenitor cells can be successfully expanded in culture and differentiated into specific phenotypes, they could be used as a continuous source of cells for laboratory study or as a source of cells for neurotransplantation in neurodegenerative disease states such as Parkinson's disease.
